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1.0  INTRODUCTION      ' 

The trajectory of a gun-launched projectile can be 

adversely affected by disturbances in the vicinity of the 

muzzle.  In particular, projectiles launched with the aid of 

a sabot can be subjected to asymmetric forces and moments 

associated with the sabot discard process which could be 

significant contributors to dispersion.  Recently, an engineer- 

ing analysis was developed which describes sabot discard 

dynamics and the resulting loadings on the projectile, in 

order to provide a tool for assessing the influence of sabot, 

projectile and launch parameters upon projectile disturbances 

imparted in the vicinity of the muzzle. 

Aerodynamic interaction was found to be the key element 

of the overall system representation, as the sabot separation 

process was initially dominated by interactive aerodynamic 

effects.  The complexity of the problem dictated that con- 

siderable simplification be employed in the anlytical develop- 

ment, the principal assumption being that the flow between 

a given sabot segment and the projectile was basically 

uniform.  Results of analyses of one specific configuration 

agreed qualitatively with photographic records of the sabot 

separation process, but there were significant quantitative 

differences which remained to be resolved.  These differences 

were attributed primarily to the approximations made in the 
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aerodynamic interaction model, indicating that further 

development of analytical representations of the sabot dis- 

card process required improvement of the aerodynamic inter- 

action flow field model. 
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2.0  INTERACTION FLOW FIELD. 

( 

In order to better understand the nature of the 

interaction flow field which develops when the projectile 

and sabot petal are in close proximity, BRL recently con- 

ducted a detailed wind tunnel test program at the NASA 

Langley test facility.^^^  The test conditions and model 

geometry are summarized in Figure 1.  Typical test results 

are presented in Figures 2 - 5 in order to illustrate the 

following features of the interaction flow field. 

(1)' When the projectile and sabot are in close proximity, 

there is a complex flow pattern involving flow separation and 

shock intersection developed over the projectile tip/sabot 

cup region.  This is indicated by the overshoot of normal 

shock recovery pressure observed on the projectile surface 

and the non-^onotonic shape of the sabot cup face pressure 

shown in Figure 2.  Note that separation also extends 

forward onto the conical projectile tip.  This type of spiked 

body flow has been studied in detail elsewhere for both 
(3 - 6) 

steady and unsteady flow configurations. 

(2)  As the separation distance between the projectile 

and the sabot petal increases, the individual shock wave 

intersections become more evident as seen in Figure 3.  The 

peak pressure on the projectile surface is due to impinge- 

ment of the sabot bow shock, while the peak pressure on the 

-3- 



^too =34.6 LB/IN =  175^ F 

TEST NUMBER 

{1N)^0) 0 2 4 6 8 10 12 14 16 18 

.128 107 

.5 108 124 134 142 150 158 168 176 

1 109 123 133 140 149 157 167 175 183 190 

1.5 110 122 132 141 148 156 166 174 182 189 

2.0 111 121 131 139 147 155 165 17 3 181 188 

2.5 112 

3.0 113 120 130 138 146 154 164 172 180 187 

3.5 114 

4.0 115 119 129 137 145 153 163 171 179 186 

4.5 116 

5.0 118 128 136 144 152 162 170 178 185 

6.0 127 135 143 151 169 177 184 

FIGURE 1  EXPERIMENTAL TEST CONFIGURATION 
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sabot underside is due to impingement of the reflection of 

this wave off of the projectile surface.  Regions of boundary 
I 

layer separation about these impinging waves are also evident. 

(3) The pressure distribution on the lateral sabot 

edges closely follows the sabot underside behavior. 

(4) As the sabot petal pitches up, there is a tendency 

for pressure levels to rise substantially in the vicinity 

of the outlet station on both the sabot petal underside and 

the projectile surface (see Figures 4 - 5).  The pitching 

motion displaces the sabot bow wave origin laterally result- 

ing in impingement of weaker waves and producing lower 

pressures as seen in Figure 5.  The pitch-up results in 
t 

increased wave strength and pressure rise on the sabot 

underside, however. 
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3.0  ENGINEERING MODELING 

■I 

It is particularly evident from the experimental results 

presented in Figure 3 that the interaction flow field can- 

not be modeled as a simple one-dimensional channel flow.  That 

is, the upper-wall and lower-wall pressures are generally 

different at a given station.  For this reason, it was 

decided to model the overall interaction flow field by integrating 

appropriate local compression and/or expansion modules. 

3.1  SABOT CUP PRESSURE MODEL 

The sabot cup pressures have been modeled in the fol- 

lowing manner. 

(1)  For cases where the effective sabot cup face angle 

(geometric angle plus angle of attack) exceeds the critical 

value for an attached bow shock wave to be present at the 

given freestream Mach number, a detached wave pattern will 

be present.  The sabot cup pressures will then approximate 

those on a blunt obstacle.  This analogy has been used to 

construct a simple engineering model for the cup pressure 

levels.  The cup leading edge is equated to the stagnation 

point of the analogous blunt obstacle and the pressure is 

(7) 
therefore set at the normal shock recovery value. 

The sabot corner is equated to the sonic point on the 

analogous blunt obstacle and the pressure is set at the sonic 

-11- 



(7) 
value of the normally shocked ambient flow.    A parabolic 

pressure distribution is then generated by use of these two 

pressure values plus the condition that the pressure gradient 

(8) 
is zero at the leading edge (i.e.: stagnation point) 

(2) For cases where the effective sabot cup face angle 

permits an attached shock wave to be present, oblique shock 

(7) 
relations are used to find the (constant) face pressure level. 

(3) For cases where the gap between the sabot under- 

side and the projectile surface at the sabot corner station 

is insufficient to pass the captured mass flow (at sonic 

conditions corresponding to the normally shocked ambient flow), 

the flow must spill over the sabot and the bow wave will 

be detached. Thus, sabot cup face pressures are evaluated 

as in case (1), even if the effective sabot cup face angle 

were small enough to allow an attached wave solution for a 

free flying situation. 

(4) The total lateral force on the sabot face cup is 

(8) 
also evaluated using Newtonian flow approximations. 

Whenever the Newtonian force prediction exceeds that ob- 

tained using the interaction model values, the sabot cup 

face is deemed to be in free flight and the Newtonian 

values are used. 

(5) No attempt has been made to mpdel non-monotonic 

pressure behavior of the type seen in Figure 2 because the 

-12- 
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present approach furnishes reasonably good average pressure 

values and also because implementation of such more detailed 

flow modeling procedures ^"^"^^ would require a degree of 

complexity inconsistent with the charter of these ongoing 

...   (1) 
development actxvities. 

3.2  SABOT UNDERSIDE PRESSURE MODEL 

There are essentially four features of the sabot under- 

side pressure distribution which require modeling. 

(1) The background level of pressure must be computed. 

This value is obtained by performing a Prandtl-Meyer expansion 

of the sabot cup face flow through the geometric face angle 

in order to turn the face flow tangent to the sabot under- 

side. 

(2) The next step is to estimate the (reference) level 

of the peak pressure bump observed on the sabot underside 

at zero incidence (see Figure 3).  This pressure bump has 

been ascribed to boundary layer separation caused by impinge- 

ment of the sabot bow shock reflection back off of the 

(9) 
projectile surface.  Therefore, turbulent separation data 

was used to estimate the magnitude of this peak value via: 

3/2 

(7) 

P. sep' 
/P^  =  1 + (Ml - 1) 

(3)  The third issue involves locating and sizing this 

pressure bump.  Although it is well-known that separation 

-13- 



length scales are in proportion to the local approach flow 

boundary layer thickness/^'■'■■'■^ a purely inviscid description 

of the bump geometry was sought in order to avoid further com- 

plicating the flow modeling subroutines of the sabot dynamics 

code.  A relatively rigorous approach for defining the shock 

impingement geometry involves construction of an approximate 

sabot bow shock, location pf the shock-projectile impingement 

point, determination of the initial reflected shock strength and 

subsequent tracing of the reflected shock back up to the sabot 

underside.  In fact, it was found necessary to carry out much 

of this procedure in order to adequately estimate the separation 

pressure rise observed on the projectile surface (see Section 3.3). 

Determination of the extent of the elevated pressure zone would 

remain to be modeled empirically. 

This issue was considerably simplified by use of the procedure 

illustrated in Figure 6.  Here, the sabot face is projected down 

to the projectile surface and a Mach wave is reflected back up 

to the sabot underside.  The intersection of this Mach wave 

with the sabot underside serves to define the end of the pressure 

pulse (E), while the projectile intersection point serves to 

define the start of the pressure pulse (S).  A triangular pres- 

sure pulse centered between these points serves to complete 

the pressure pulse description.* 

♦Note that in those cases where the sabot bow shock was found to not 
impinge upon the projectile surface (see Section 3.3, part (3)), this 
pressure bump on the sabot underside was also deleted. 

-14- 
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The reason why this simple procedure furnishes acceptible 

results is not clear.  One would expect the sabot bow shock to 

impinge on the projectile surface upstream of the point (S) 

determined by projection of the sabot face.  Similarly, the 

reflected shock is stronger than the assumed Mach wave reflection. 

These factors would lead one to expect the intersection zone of 

the reflected shock wave to lie upstream of the zone presently 

estimated.  It is conjectured that the sabot bow shock and the 

reflected shock resulting from impingement on the projectile 

surface propagate in non-uniform local flow environments 

produced by the sabot and projectile corner expansions which tend 

to translate the wave geometry rearward to a position compatible 

with that estimated using the simple?: approximate procedure. 

The growth in extent of the separation region is consistent with 

(9-11) 
available separated flow descriptions,      in that as  AY 

increases, the shock impingement zone moves rearward, leading 

to larger approach boundary layer thickness and correspondingly 

longer separation lengths.  The subsequent decay in the elevated 

pressure is not consistent with a flat plate shock impingement 

analog, however, and is conjectured to result from effects due 

to reflections of the two corner expansion waves and lateral 

venting around the sabot sides. 

(4)  For small separations, the data indicates that a smooth 

expansion occurs (see Figure 2).  This change in behavior was 

judged to occur when the shock impingement point moves 

-16- 



to such close proximity with the sabot corner that a free turbulent 

interaction cannot exist.  In this instance, the presence 

of the corner is "known" to the separation process resulting 

in smoothing of the effective expansion contour.  This behavior 

was modeled as a Newtonian expansion about a cylindrical 

effective obstacle as schematicized in Figure 7.  The effective 

cylinder radius is determined directly from the sabot thickness 

by assuming the corner to be the sonic point, since the 

sonic point on a cylinder {&*)   is known from the sonic pressure 

ratio for an assumed Newtonian flow.  This procedure is used 

whenever the previous procedure (3) would predict a pressure 

pulse center which lies upstream of the point where the Newtonian 

distribution falls to the separation pressure level. 

(5) The fourth feature of the sabot underside pressure dis- 

tribution which required modeling is the clear systematic effect of 

sabot pitch angle illustrated in Figure 4.  It was reasoned that 

the growth of the peak pressure level, particularly at high 

incidence and small lateral separation, would be caused by 

convergence of the flow as the exit station is approached. 

A one-dimensional flow model was developed to describe this 

behavior, as schematicized in Figure 8.  Expansion of the 

sabot cup face flow through a Prandtl-Meyer fan results in the 

background pressure level (Pi) and a corresponding Mach number (Mi) 

This Mach number also corresponds to a particular value of area 

ratio (A/A*) .  Using this value, a critical pitch angle 

-17- 
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(corresponding to compression to a sonic throat at the outlet 

station) can be defined.  For pitch angles well in excess of this 

critical angle, the location of the effective throat will occur 

at a distance (A-(^ ) upstream from the outlet station.  Since 

isentropic compression of a supersonic flow through a sonic 

condition is not possible, the pressure downstream of this 

"throat" has been set at a value corresponding to a normal shock 

condition for the background flow at M = M^.  To clarify this 

procedure, consider the conditions corresponding to test 190 

(Ay = 1 in.,C>C=  18°).  The sabot face flow is detached. 

Turning this normally shocked flow through the 40° expansion 

(with  ^ = 1.4) at the sabot corner results in a background 

pressure level:  PI/PQO = Pt2/Poo • Pl/Pt2 " ^^'^ ^ 0.055 = 1.5 

and a corresponding Mach nimber of 2.54.  The area ratio (A/A*) 

for a Mach 2.54 flow is 2.74.  For the 13 in. sabot underside 

length used in the testing (corner to outlet) the critical 

pitch angle for compression to sonic conditions at the exit 

station for a 1 in. lateral separation (AY) is: 

[IT ^^'^'-^i '^CRIT  =  ^^^ ^^^ "^ '^ ^^-^"^ " ^^^    " '^''^° 

This means that for test 190 the relative sabot pitch angle 

was sufficiently large for choking to occur.  The location of the 

choking point in the assumed 1-D channel comes from simple geometry 

(i.e.:  where the local lateral distance (Y) is 1/2.74th of the 

inlet value (Yj^ )).  For this case, this occurs 2.7 inch upstream of 

-19- 



^^^B^^ 

I 

* <l  < 

H 
CO 

EH 
H 

u 

2 
H 
W 

EH 

Pi 
U 

H 
CO 

II 

<I 

-^ (N 

Pn 

CN 
cu 

w 
u 
w 
p 
H u 
H 

w 
Pi 

Pi 

^       g 
W 
Q 

s 
EH 
U 

Q 

CO 

I 

O 
I 

00 

689'C-'E 

H 

-20- 



the outlet station.  The corresponding normal shock pressure 

level (at Mi =2.54) is: 

P2/P00 = P2/PI • Pl/Poo  = ^-36 X 1-^ = ^^• 

The complete pressure distribution is given in Figure 21. 

(6)  The above procedure was found to adequately predict 

the level of pressure and the location of the high pressure zone 

for pitch angles well in excess of the critical value.  The 

semi-empirical results presented in Figures 9-10 were then 

devised to obtain a smooth variation over the intervening 

pitch angle range (0 £0^^ 2.5 ^X^rit) *  "^^^ ^^^^ presented 

in Figure 9 indicates that a non-dimensional pressure function {^) 

can be defined which scales the peak pressure level between the 

predicted separation pressure level at zero incidence and the 

predicted normal shock pressure level for ot^ 2.5 Oc:^^^^. 

Predicted pressure levels were used as the anchor points of the 

correlation in order to maintain generality.  The data is seen 

to diverge from the fit at  <X = 0.  This occurs because the 

test data was somewhat in excess of the predicted separation 

pressure.  Note that this same functional form was also constructed 

analytically by the following means.  The separation pressure 

rise for the approach flow is known from the correlation given 

previously.  Wedge flow tables^ ' were then used to infer 

the corresponding deflection angle.  To clarify for the Mach 

2.54 channel flow corresponding to a detached sabot bow shock. 
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3/2 
the separation pressure rise is:  p  /p^ = 1 + (2.54-1)    =2.91. 

From the wedge flow tables, an 18° deflection is required 

to produce this pressure rise in a Mach 2.54 flow.  This de- 

flection angle is added to the sabot angle of attack to define an 

effective total deflection angle and the corresponding pressure 

rise is computed from the wedge tables (at M-|_ = 2.54).  This 

simple procedure furnished pressures at incidence which exhibited 

good agreement with the test data behavior. 

Figure 10 presents the corresponding empirical correlation 

for predicting the downstream migration of the peak pressure 

point observed in Figure 4. 

(7)  One additional feature exhibited by the test data 

(shown in Figure 4) is a tendency for the pressures downstream 

of the peak to remain elevated well above the background 

level for intermediate values of pitch angle.  This 

effect was also modeled semi-empirically (for simplicity). 

It was found that these end point (x = 0) pressure values 

scaled according to the same formula as did the peak values 

when the predicted separation pressure value was replaced 

with the predicted background pressure estimate. 
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(8)  Distributional shapes were developed by first 

using the geometry procedures of part (3) and Figure 6 to 

locate the start of the pressure rise region.  The location 

of the peak pressure was then obtained by use of Figure 10. 

A linear increase was assumed between these two points. 

Downstream of the peak pressure location, a linear decrease 

was ass\imed.  This decrease was terminated at a point where 

the pressure had fallen back to its end point value, defined 

in part (7).  For 0(> 2-5 0^^3-1^' ^^^ procedures of part (5) 

were used to define the location of the start of the 

constant high pressure zone.  A linear variation back to the 

background pressure level was assumed upstream of this point. 

(9) The pressure distribution on the lateral sabot 

edges was taken equal to the underside values as indicated 

by the test data and noted in comment (3) of Section 2. 

(10) As for the sabot cup region, Newtonian forces were 

also evaluated and are applied in any case where the Newtonian 

force exceeds that predicted from the interaction model. 

3.3  PROJECTILE PRESSURE MODEL , 

Modeling of pressures along the projectile surface 
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also employs local flow elements similar in nature to those 

described above in regard to the sabot underside. 

(1)  The conical projectile nosetip pressures are 

.  ,.   (8) 
evaluated using the modified Newtonian approximation. 

This value is somewhat below that predicted using conical 

flow tables.^^^  However, unless the sabot shock 

lies forward enough to produce interaction on the conical 

tip section, this section is in free flight and no incremental 

force is required in the dynamics formulation. 

(2)  The background pressure level and Mach number on 

the cylindrical surface of the projectile are taken as their 

ambient values.  This approximation is in close agreement 

with values obtained by performing a Prandtl-Meyer expansion 

of the conical nosetip flow about the projectile's shoulder. 

It should also be noted that near field projectile incidences 

during the interaction phase are sufficiently small to 

allow this assximption to be generally valid. 

(3)  The pressure peak evident in Figures 2 -3 is pre- 

sumed due to impingement of the sabot petal bow shock 

upon the projectile surface.  Although the interaction flow 

field involves a series of intersections with various other 

.  .      ^ (3-6) 
compression and expansion waves before this impingement, 

this flow feature has been approximated by computing the 

bow wave about a free flying sphere-cylinder using a numerical 

flow field code.    "     Results were generated for a Mach 
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number of 4.5, which corresponds to the test condition and 

also lies at about the center of the regime of interest for 

penetration round studies.  These results, shown in Figure 11, 

were then curve fit for ease of computation, which is performed 

as follows.  First, the sabot displacement and rotation are 

used to compute the lateral distance at which impingement occurs (y/r) 

The axial location (z/R) and shock strength Og) are then 

computed from the curve fit shock solution.  In performing 

this calculation, the effective sphere radius is defined as 

in Figure 7 and the origin of the axial coordinate (z) is 

shifted forward so that the bow shock originates at the sabot 

petal tip.  The peak pressure level is computed by reflecting 

this approximate sabot bow shock wave off of the projectile 

surface as shown in Figure 12.  For Gg^ ^s tmax ^^^ ^^^^ ^''^^" 

sure is equated to a maximum value equal to the normal shock 

static value.  Note that as y/R increases, the shock impinge- 

ment point moves downstream and the shock strength decreases. 

This is exactly the behavior exhibited by the test results 

shown in Figures 2-3.  Rotation (pitch-up) acts in a similar 

manner (see Fig. 5) since the origin of the sabot bow shock 

is also displaced laterally by this type of motion.  Inter- 

action ends as the impinging shock angle approaches the 

Mach angle. 

(4)  In the case where the sabot cup shock is attached 
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FIGURE 11 - SABOT BOW SHOCK BEHAVIOR 
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(Section 3.1, part (2)) an additional translation of the shock 

solution is performed in order to "line-up" the curved shock 

with the known oblique shock^^^ at the sabot underside plane 

(5)  Upstream of the peak pressure bump there is a 

region of elevated pressure clearly evident in Figures 2, 

3 and 5.  This zone is assumed to be produced by boundary 

layer separation occurring ahead of the impinging sabot bow 

(9) 
shock.  The separation data   discussed previously was also 

used to estimate this value (see Section 3.2, part (2)). 

The test data indicates that the magnitude of this "precursor" 

pressure rise should scale roughly in proportion to the 

subsequently peak pressure level: 

^sep/^^sep^ref =    Vak/Pt2 

3/2 
peak ^     ^^sep'ret  ~ ^ "^ ' '"'1   ""'    C 'oo f°^  Ppeak >  (Psep)ref  = ^1 + (M^ - 1) '  V P 

(6)  The pressure data indicates that a second zone of 

high pressure is formed on the projectile surface near the 

outlet station as the pitch angle is increased.  This 

region is produced by the same throttling process discussed 

in regard to the sabot underside (Section 3.2, parts (5)-(7)). 

Comparison of the data in Figures 4 -5 indicates that these 

outlet region sabot underside and projectile surface pressures 
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are essentially identical, implying a one dimensional flow 

behavior.  This pressure rise can be modeled by the same 

semi-empirical procedures used on the sabot underside: 

%S2 - PQO 

for  Pend <^NS^ . I 

This equation predicts a somewhat more rapid rise (with 

respect to pitch angle) of the outlet region projectile sur- 

face pressure than that used on the sabot underside.  This 

may result because the sabot data set terminates (at x = 3 in.) 

somewhat upstream of the projectile surface data set (at x = 1 in.) 

(7)  The last feature of the projectile surface pressure 

which requires description is the shape of the distribution. 

The location of the peak (bump) is determined from the shock 

impingement geometry discussed in part (3).  The peak pres- 

sure (bump region) distribution was taken as triangular in 

shape, centered at the above defined impingement point, 

and with a width equal to the sabot underside's 

(zero incidence) pulse width defined in Section 3.2, part (3). 

Note from the data in Figure 5 that the projectile surface 

pressure pulse width appears to be essentially independent 

of incidence angle.  The region of separated flow appears to wet 

the entire cylindrical surface of the projectile as long as 

the peak (bump) pressure ratio exceeds the critical value for 
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separation as indicated in part (5) . When the peak (bxamp) 

pressure ratio falls below this critical value, there is no 

longer an additional zone of elevated pressure ahead of the 

shock impingement zone. 

Figure 13 presents a summary overview of the flow field 

model which highlights essentially all of the local flow 

elements used to describe the overall surface pressure/aerodynamic 

force behavior.  The numbers in the parentheses indicate the 

sections of the text in which the details of each indicated 

flow element model can be found. 
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4.0  RESULTS 
————— f 

In order to further clarify this engineering modeling 

of the interaction flow field, a series of comparisons with 

the experimental test data will be presented.  Subsequently, 

a series of dynamic motion computations for the round previously 

(1) 
studied   will be presented in order to assess the effect of 

this modification of the interaction flow field upon the predicted 

component dynamics. 

4.1  COMPARISON TO WIND TUNNEL DATA 

Figures 14 - 16 present comparisons of the predicted sabot 

(2) 
pressures with the BRL test data   for cases at zero xncidence. 

The results shown in Figure 14 correspond to the minimum   i 

separation investigated experimentally.  For this case, the gap 

is predicted to be choked (see Section 3.1, part (3)) and 

the sabot cup pressures are evaluated as on an effectively 

blunt obstacle.  This results in some overprediction of the 

cup forces for this case, where a non-monotonic behavior of the 

cup pressure is present.  The pressures on the sabot underside 

were computed by the procedures of Section 3.2, part (4) for 

this case.  Some underprediction of the test data is evident. 

Figure 15 presents a comparison at an intermediate separa- 

tion (Ay = 1 in.) .  Here the model predicts the gap to be 

unchoked and the sabot cup shock to be (just barely) attached 

(Section 3.1, part (2)).  The data indicates that a detached 
I 
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structure existed.  This discrepancy could be due to a number 

of causes:  (1) the sabot leading edge must have some finite 

radius of curvature; (2) there is a boundary layer (displacement 

effect) on the sabot face which has not been considered in the 

modeling; and (3) the sabot bow shock suffers interactions with 

the projectile shock which have also been neglected.  However, 

since the average cup pressure is reasonably approximated and 

since this situation of moderate separation without incidence 

is not likely to occur during actual discards, no further re- 

finement of the model was pursued in this area.  The sabot 

underside pressures for this case were estimated using the pro- 

cedures of Section 3.2, parts (1) - (3).  Note that a shift 

in the background pressure level has occurred between this 

case and the previous case.  This has resulted primarily from 

the different stagnation pressures for the sabot cup flow, 

since the initial Mach numbers for the Prandtl-Meyer ex- 

pansion ^^^ around the corner between the face and sabot under- 

side is effectively unity in both cases. 

Figure 15 presents a similar comparison at the largest 

value of separation tested at zero incidence.  The sabot cup 

shock is still predicted to be attached.  Here the sabot 

underside pressures are somewhat overpredicted.  This again 

results primarily from the higher background pressure level 

predicted by the attached shock condition. 
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Figures 17 - 20 present comparisons of the predicted 

sabot pressures with the BRL test data   as the separation 

distance is varied for an intermediate value of the pitch 

angle.  Here the sabot bow shock is predicted to be detached 

in all cases due to the effect of the pitch angle.  For a 

fixed angle of attack, the critical angle (OCcrit^ ^°^ 

throttling down the gap flow decreases with decreasing 

separation (see Section 3.2, part (5)).  Thus, the behavior 

of the sabot underside pressure distribution approaches the 

zero incidence asymptote as AY increases for fixed incidence. 

Conversely, more effects of flow constriction are evident 

as separation distance decreases for fixed incidence. 

Figures 21 - 24 present similar comparisons of predicted 

sabot pressures with BRL test data(2) as the separation distance 

is varied for the largest angle of attack tested.  Here 

we see that there is no separation pressure bump predicted 

for the larger separation cases.  This has resulted because 

the sabot bow shock was found to miss impinging upon the 

projectile surface (see Section 3.2, part (3) and Figures 34 -35) 

In all these Figures the sabot lateral edge pressures have 

also been given in order to demonstrate the essential equality 

of the lateral side sabot pressure distribution to that 

along the sabot underside centerline. 
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Figures 25 - 27 present the projectile surface pressure 

comparisons for the zero incidence cases presented previously 

(Ay = 0.128, 1.0 and 4.5 in.).  For the smaller separation 

distances , the shock wave impingement angle was found to exceed 

its critical value to allow oblique shock reflection (Section 3.3, 

part (3)).  The static pressure behind a normal shock was 

therefore imposed.  For the largest separation distance 

case, an acceptable reflected shock solution of somewhat 

weaker strength has been found.  There seems to be a tendency 

to underpredict the peak pressure level while overestimating 

the position for the smaller separations.  For larger separations 

the peak is overpredicted, but the position is underpredicted. 

The net result should be an adequate estimate of the pitching 

moment over the entire range of separation distances. 

Figures 28 - 31 present the comparisons for the inter- 

mediate angle of attack situation.  Reflected shock solutions 

have been found for all cases.  Note that the peak pressure 

for the half inch separation case is very close to the maximum 
1 

possible value (see Figure 12).  Here the tendency to over- 

predict pressure level and underpredict location at larger 

separations is also evident.  The use of a pressure cut-off or 

maximum equal to the normal shock static pressure would 

provide somewhat better agreement for the smaller separations. 

This arbitrary cut-off was not imposed since the test data 
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clearly indicate the presence of high peak pressures.  The 

model will predict these pressure overshoots (above normal 

shock values) at separations and incidences which are 

somewhat different than observed in the test data.  Thus, 

the model results can be thought of as slightly "time-shifted" 

when applied to the transient discard process. 

Figures 32-35 present the large angle of attack data. 

The tendency to overpredict peak pressure and underpredict 

location is again evident.  Note that the sabot bow shock is 

not predicted to hit the projectile surface for the larger 

separation cases.  This is in agreement with the test data 

for the largest separation distance, but disagrees for the 

/\Y = 4   inch case.  This discrepancy can be ascribed to the 

neglect of shock interaction effects on the sabot bow shock 

shape.  (That is, the projectile bow shock and shoulder ex- 

pansion waves will modify the sabot shock from its iso]a ted 

flight behavior).  This mismatch between data and theory again 

can be translated into a time displacement equivalent for the 

actual transient discard process.  Lastly, it should be noted 

that the outlet station behavior for these high incidence 

cases, as well as the intermediate angle data presented previously, 

reflect the trend noted before for the large separation 

distance behavior to asymptote toward the zero incidence values for 

a fixed incidence. 
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4.2  SABOT DISCARD DYNAMIC IVDTION COMPARISONS 

The projectile and sabot analyzed are sketched separately 

in Figure 36.  The front face of the actual sabot is not, in 

fact, conical, but rather has the form indicated by the 

dashed line in the figure.* The projectile is approximately 

eleven inches long, its cylindrical body is 0.81 inches in 

diameter, the mass center is 7.3 inches from the base, the 

pitch inertia is 0.00619 slug-ft^, the roll inertia is 

r;        2 -1 
4.996 X 10"  slug-ft , and Cj^ is -18 rad  , reference area 

and length being 0-00358 ft^ and 0.0675 ft., respectively. 

Inertial and geometric parameters for a sabot petal 

are listed in Table 1.  The variations of the Newtonian lift, 

drag and moment coefficients, denoted CL, C^ and C^.   respectively, 

with angle of attack are plotted in Figure 37.  Reference area 

and length are the same ^s for the projectile.  The moment 

coefficient is with respect to the mass center, and is 

positive for a nose-up moment (i.e., proportional to -M^)■ 

The velocity of the round at the muzzle was taken to be 

5150 ft/sec. 

composite x-ray photographs of the separation process 

provided by the U. S. Army Ballistic Research Laboratories are 

shown in Figure 38.  Figure 39 presents the results obtained 

*A^suming constant pressure, the pitching moment contribution of 
the assumed conical front face is twelve percent lower than 
that of the actual front face. 
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TABLE I 

ST^OT SEGMENT INERTlAL AND GEOMETRIC PARAMETERS 

PARAMETER VALUE 

m 

■•■yz 

.013556 slugs 

-3       2 
.30764 X 10 slug-ft 

-3 2 
.31818  X   10 slug-ft 

25541 X   10"^   slug-ft^ 

-4        2 
,31303 X 10   slug-ft 

.073756 ft, 

.45242 ft. 

.03375 ft. 

^o " 

<^. 

9, 

.12292 ft. 

.50161 ft. 

45 deg. 

160 deg. 

169.92 deg, 
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FIGURE 38 - Composite X-Ray Photographs of Sabot Discard 
Provided by Ballistic Research Laboratory, 
ARRADCOM, Aberdeen Proving Ground, MD 
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FIGURE 39 - SABOT SEGMENT TRAJECTORY FOR SYMMETRIC DISCARD, 
ZERO INITIAL SPIN RATE (ORIGINAL MODEL) 
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previously (with the original interaction flow field model). 

It is clear that these original predictions significantly 

underpredict the rotation of the sabot petals at a given 

distance from the muzzle.  Alternately, the lateral separation 

between the sabot and the projectile is significantly over- 

estimated for a fixed degree of rotation.  This behavior arose 

because the simple initial interaction model imposed a uniform 

pressure over the sabot during most of the interacting flow 

phase of the discard process. 

Figure 40 presents the sabot segment trajectory com- 

puted using the present, improved interaction model, in- 

corporating the modeling extensions discussed in the Appendix. 

It is clear that the non-uniform pressure distribution presently 

available has greatly improved the prediction of the pitching 

motion.  It appears, in fact, that the pitching motion is now 

somewhat overpredicted.  This discrepancy may be due to the 

presence of some spin or tip-off effects for the actual firing. 

It is also noted that mechanical interaction is now predicted 

to be present during a significant portion of the discard. 

The sabot trailing edge does not lift off of the projectile 

surface until 9 feet of travel.  This is in marT^ed contrast 

to the earlier results,^   '   wherein the sabot was predicted to lift 

free of the projectile after only 0.5 ft. of travel. 
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5.0  CONCLUSIONS AND RECOMMENDATIONS 

Experimental wind tunnel test data generated by BRL 

has been used to formulate and verify an improved engineering 

model of the interaction flow field which develops about the 

projectile/sabot petal package during the sabot discard process. 

It has also been found that this improved flow field re- 

presentation results in improved prediction of the transient 

discard process observed by BRL using x-ray photography 

techniques for one particular high energy round. 

It is felt that this up-graded analysis can provide a 

sound point of departure for further development of an 

accurate tool for assessing the influence of sabot, projectile 

and launch parameters upon aerodynamically induced near field 

projectile dispersions.  The following specific recommenda- 

tions appear germane: 

(1)  The most important aspect of the interaction process 

which remains to be described is the interaction between the 

discarding sabot petals and the stabilizing fins present for 

fin-stabilized rounds.  It is suggested that generation of 

experimental data addressing this question be a high priority 

future task.  In the event that such data cannot be generated in 

a timely manner, a viable alternative is to proceed with 

simplified preliminary modeling task which could be refined at 

a later date. 
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(2)  The data obtained to date have permitted a high 

degree of improvement in our understanding of the inter- 

action flow field.  However, the test data were generated 

for only one configuration and therefore extrapolation to other 

configurations does still involve some degree of risk.  It 

is therefore suggested that additional testing be performed 

wherein significant design parameters are varied in order 

to permit construction and verification of a completely 

general model. 
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APPENDIX 

The configuration of interest for the sabot discard 

computations presented in Section 4.2 utilizes a sabot 

with a leading edge which lies upstream of the projectile 

tip, as shown in Figure A.l.  This configuration is sufficiently 

different from the experimental test configuration to re- 

quire an extension of the interaction flow field modeling, 

as follows. 

Case 1 - Sabot Bow Shock Lies Upstream of Projectile Tip 

If the gap between the projectile surface and the 

sabot underside cannot pass the capture mass flow (see 

Section 3.1, part (3)) or if the sabot has pitched-up 

sufficiently to produce a detached bow wave prior to signifi- 

cant deceleration, then a normal shock wave will be present 

upstream of the projectile tip.  In this instance, the pro- 

jectile surface pressure is modeled by: 

(i)    Utilizing the blunt body analogy (see Section 3.1, 

part (1)) to specify that P = P^     and dP/ds = 0 

at the projectile stagnation point, while setting 

p = P2* at the projectile shoulder. 

(7) (ii)   Performing a Prandtl-Meyer expansion^   around the 

projectile's shoulder to determine the background 
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pressure on the projectile surface 

(PcylT^ Poo' ^cyl^^oo) 

(iii)  Using this background level to assess any 

throttling effects in the outlet region 

via similar semi-empirical scaling equations as 

presented in the text (Section 3.2, parts (6)-(7) 

and Section 3.3, Part (6)): 

l'"^  " /^'  = -4 ^/C^rit    '°^ Pend^PNS2 
PNS2 - Pcyl 

This constant end point pressure is applied over 

a zone of length X upstream from the sabot 

trailing edge, where 

X = 0.4 (CX/C<^.^) (Xly^^^it = 2-5) 

and where the reference length is determined by 

the procedures of Section 3.2, part (5).  A 

linear pressure increase from Pcyi to Pgnd ^^ 

assumed over an additional length interval 

equal to X. 

(iv)   Deleting the sabot underside pressure bump (see 

Section 3.2, part (2)), since there is no 

reflected shock wave present for this case. 
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Case 2 - Sabot Bow Shock Impinges on Conical Section of Projectile 

As the sabot decelerates, the sabot bow shock will 

translate aft with respect to the projectile.  Thus, there 

will be a time when the sabot bow shock will impinge upon 

the conical portion of the projectile.  The following pro- 

cedures are then employed. 

/Q N 

(i)    Use Newtonian^^ pressures on the projectile 

nose cap. 

(ii)   Use turbulent separation data^^^ to evaluate the 

pressure on the conical section upstream of the 

shock impingement point (see Section 3.2, 

part (2) and Section 3.3, part (5)).  This pres- 

sure level is merged smoothly into the Newtonian 

cap region.  Separation is assumed present only 

when the pressure downstream of the impinging 

shock exceeds the separation value (see Section 3.3, 

part (7). 

(iii)  The sabot bow shock wave impingement and re- 

flection is treated by the methods described in 

Section 3.3, parts (3)-(4) .  This shock re- 

flection pressure is applied between the pro- 

jectile shoulder and the shock impingement point. 
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(iv)   The cylinder surface pressures are found by 

applying procedures (ii)-(iii) described previously 

in the case 1 discussion. 

(v)    The sabot underside pressure distribution model 

is unaltered.  Specifically, this neglects 

consideration of the possible situation where 

the sabot bow shock reflection off of the pro- 

jectile impinges back on the sabot petal up- 

stream of the sabot corner.  This will result 

in an underprediction of the sabot petal pitching 

moment during the phase of removal where such 

a situation could exist. 
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